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INTRODUCTION 
In the sequential drawing of metallic wires from an initial diameter of 196 mils (4.9 
mm) to a final diameter just under 1 mil (25 Ilm), the wires sometimes break Subsequent 
examination via TEM of broken Al wires [1] revealed that breaks occurred most often due 
to inclusions of Si almost as large as the wire diameter. The challenge is to devise a 
technique that can detect inclusions well before the wire is drawn to about the diameter of 
the inclusions. For example, if there is a larger diameter wire that has commercial use, and 
some inclusions are detected at that diameter, then the drawing-down process could be 
stopped at that point, and only the wires without inclusions will be drawn to smaller 
diameters. A different problem occurs in the manufacture of composite superconducting 
wires, most typically multifilament NbTi in a Cu matrix. Here the sausaging ofNbTi 
filaments causes a reduced critical current. For this case the challenge is to devise a 
nondestructive method at room temperature for determining the integrity and quality of the 
NbTi filaments during or immediately after the fabrication process. 
EXPERIMENT AL ARRANGEMENT 
The technique that has been applied to these problems is, in principle, quite simple. 
Apply an alternating electrical current to a wire, and monitor the magnetic field produced by 
that current as wire passes under a magnetic-field sensor. When a poorly conducting 
inclusion or other defect in the wire passes under the sensor, electrical current is deviated 
from its uniform distribution over the cross section of the wire, producing a magnetic-field 
anomaly. Alternating current is used because one can apply phase-sensitive detection, thus 
eliminating much random environmental magnetic noise. Magnetic shielding of the sensor 
also is useful and can alleviate the need for a gradiometer configuration of the sensor. 
The sensor chosen to monitor the magnetic field above the current-carrying wire is a 
high-temperature superconductor (HTS) SQUID magnetometer, where SQUID is the 
acronym for Superconducting Quantum Interference Device. In general, SQUID 
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magnetometers are the most sensitive instruments for detecting small magnetic-field changes 
and are 2 to 3 orders of magnitude more sensitive than anything else. Commercial SQUIDs 
fabricated with low-temperature superconductor (LIS) Nb technology are the most 
sensitive, with a field resolution of a few IT (per root hertz). However, because a liquid-
helium dewar is required, a more compact HIS SQUID system was used, i.e., it utilized a 
much smaller liquid-nitrogen dewar which could be maintained more readily and 
inexpensively in a manufacturing environment. Furthermore, while its resolution is about an 
order of magnitude less than that of an LIS SQUID, it still is superior to any rival 
technology. Another factor which favors the use of an HTS SQUID is that one can place a 
SQUID closer to the wire, thus enhancing its spatial resolution. A comprehensive review of 
applications of SQUIDs in NDE can be found in Reference 2. 
The apparatus devised for this NDE application is illustrated in Figure 1. A wire is 
drawn (from a spool using a stepper motor) past the base of the SQUID dewar, with about 
1 cm between the SQUID sensor inside the dewar and the center of the wire. Constant 
alternating current, typically about 1 kHz, is applied to the wire. The wire is channeled 
through a square cross-section groove in a round plastic plate, with barely enough clearance 
to allow the wire to move through the groove without getting stuck. This close tolerance 
ensures that the wire moves quite linearly and minimizes the pick-up of signals due to wire 
non-linearity. Some measurements were made using a V -shaped wire groove with good 
results. The base of the dewar fits snugly into a circular hole in a plastic flange which is 
bolted with nylon screws to the top surface of the plate with the wire channeL Thus, the 
dewar bottom sits directly over the wire, which crosses the center of the dewar bottom. To 
ensure that the wire does not touch, a thin insulating sheet is placed under the dewar. 
The arrangement described above has limitations in detecting defects more than an 
order of magnitude smaller than the l-cm standoff between the SQUID sensor and the wire. 
To increase resolution, a scanning SQUID microscope [3] was employed on two wires in 
this study. Although this instrument could be used only for making x-y scans over an area of 
about 10 cm2, i.e., spooling oflong lengths of wire is prohibited in the current design, the 
standoff between sensor and wire is reduced to about 1 mm. 
RESULTS 
Single Element Wires 
A typical result for the magnetic-field signal obtained for a 23.2-cm length of20-mil 
(0.5 mm) Al wire, carrying current of 16 rnA at 1,261 Hz, is shown in Figure 2. The detailed 
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Figure 1. Schematic of wire-testing arrangement. LIA is a lock-in amplifier. 
structure is orders of magnitude above the inherent noise of the SQUID and its associated 
electronics. Each length of wire in a given spool exhibited similar, but unique, behavior with 
roughly the same order of magnitude for maximum fluctuations and period. Furthermore, 
the pattern observed for any wire length was totally repeatable to within experimental 
precision (for the same value of current through the wire). The size of the signal at any 
position along the wire scaled directly with the value of injected current Rotation of the 
wire at any location exhibited phase dependence with reproducibility for any complete 
revolution. As another check on the reliability and interpretation of the observed current 
variations, a direct current was employed. Although a much larger current (of about I A) 
was required because of unfiltered background noise, the pattern observed was identical to 
that obtained with alternating current. Finally, as a check to see whether the stepper motor 
pulling the wire was a factor, wire was drawn by hand as uniformly as humanly possible 
With allowances for variations in velocity for this manual operation, there was no difference 
between the motor-drawn and hand-drawn patterns produced. Thus, it is reasonably 
concluded that the observed magnetic-field response for any current-carrying wire is 
associated with some physical characteristic of the wire. 
Since the presence of sizable inclusions in the AI wire used to generate Figure 2 are rather 
rare, about one per 10,000 feet, it is unlikely that these are the source of the observed anomalous 
behavior. There are three possible causes of these wiggles: (1) surface roughness, namely, the 
current deviations caused by surface oxides or surface roughness, (2) internal defects, and (3) 
wire curvature. 
Light surface etching produced no noticeable change in the data, and observation under an 
optical microscope failed to uncover any unusual surface structure. 
Internal defects were then considered as the second possible source of the 
anomalous behavior observed. Since the AI wires initially tested were known to contain 
0.1 %-Si impurity, lengths of AI and Cu wires of various other purities were obtained and 
tested. Cu wire of unknown purity purchased from an electronic supply shop showed a 
somewhat similar response to that shown in Figure 2. Going to the other extreme, Cu and 
AI wires of 99.999% purity were tested. Once again, the observed behavior was 
qualitatively similar to that seen in all other wires measured. Finally, a marked change was 
observed upon annealing one of the Cu wires - see Figure 3. While the anneal did not 
eliminate the anomalous signal, it did produce a reduction in the signal Upon obtaining a 
specimen of 99.999%-pure AI that had been annealed by the supplier, a section of this wire 
was measured and compared to the earlier measurement of AI of the same purity This 
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Figure 2. A typical scan of AI wires obtained from the American Fine Wire Company 
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comparison is shown in Figure 4. Although the reduction in signal for the annealed wire is 
significant, once again it still is well above the noise level of the SQUID instrumentation. 
In a related experiment, Al and Cu wires were stretched and the measurements were 
repeated. A strain of 4% was introduced into the Cu wires and since the Al is less ductile, 
the maximum strain for Al wires before they broke was only 0.4%. Typical results for 
strained Al and eu are shown in Figure S. The data for Al (which was a length of the same 
O.I%-Si-impurity wire used to generate Figure 2) shows a diminution of the anomalous 
signal by a factor of about 2 in comparison to an unstretched specimen of the same wire. 
The data for the stretched sample of 99.9% Cu is even more remarkable in that virtually all 
traces of the anomalous signal have been eliminated; only instrumental noise on the order of 
a picotesla is seen. 
Thus, it seems probable that wire curvature was the cause of the anomalous signals. 
The heights of the peaks observed lead to the conclusion that they likely are caused by 
deviations from true linearity on the order of200 nm to 211m in size. The mechnical 
tolerances of the groove are definitely larger than this magntude, and thus the wire can pass 
undisturbed through the groove, giving a reproducible signal every time the measurement is 
repeated. This conclusion also explains why no qualitative change is observed between wires 
of different materials and purities, but annealing and stretching not only reduce the height of 
the observed anomalies, but also change the pattern, and in some cases completely eliminate 
them. 
The initial challenge had been to uncover inclusions in the original Al wires tested. 
Not possessing enough wire to have more than a 5% chance of observing even a single 
signal height appears to be independent of both. While annealing had been found to alter and 
reduce signal height, the most effective means found for reducing and (in the case ofCu) 
eliminating the undesirable variations in magnetic field was to stretch the wires. 
Does the above conclusion mean that the original goal of trying to uncover 
inclusions as wire is drawn through a die is impractical? It is too early to tell because it isn't 
known whether the deviations from linearity are a result of the reduction in diameter 
occurring in the die or are a result of the winding of the wire onto a spool after it comes 
through the die. If the latter is the case, then a SQUID with small (about I-mm) standoff 
from the bottom of its dewar can be placed directly behind the die. Only a measurement at 
the site of wire fabrication will provide definitive information. 
For the case of composite superconductive wires, the situation is far more promising 
and less ambiguous. At room temperature the conductivity of the Cu is so much greater than 
that of the NbTi, that almost all of the current injected flows through the Cu. As current 
moves in a helical path, it will give rise to a uniform periodic magnetic signal. The 
uniformity of this signal will presumably be disrupted in any region where the cross section 
of the NbTi changes, though, as most of the current is carried by Cu, it is not clear what 
kind of effect it will produce in the magnetic signal measured. 
Two spools ofNbTilCu wire, each with about 30 m ofO.6S-mm diameter wire, were 
supplied by the Lawrence Berkeley National Laboratory (LBNL), along with the 
information that one of these spools had been found to exhibit substandard critical (super) 
current. It was not specified which spool held the substandard wire. The entire length of 
both spools was examined. Each was found to have distinctly different characteristics over 
its entire length. Typical results of these two scans are presented in Figure 7. The period of 
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Figure 3. Effect of annealing on features observed in 99.9%-pure Cu wire. 
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Figure 5. Effect of strain on AI (left) and Cu (right) wires. 
2269 
8mm 
Figure 6. Magnetic field contour map showing an 8-mm x OA-mm scan ofa O.S-mm 
diameter Cu wire with 0.3-mm diameter (0.3-mm deep) hole. 
the rather regular oscillations in field value for one wire was found to be 13 mm, which 
subsequently was revealed to be the nominal period of the embedded NbTi twist Though, 
for as yet unknown reasons, alternate peaks are not of uniform height This also was 
confinned by measurements at UCB. Sometimes the difference between the larger and the 
smaller peaks is more marked than is seen in Figure 7a. The other wire, which showed less-
structured variations in field value, was deemed to be the one with reduced current-carrying 
capacity. This assumption was confinned when additional information was supplied by 
LBNL. Additionally, photomicrographs of cross sections of the two different wires revealed 
unifonn filament cross sections for the wire exhibiting uniform magnetic field variations, and 
a number of "sa us aged" filaments for the other wire. 
CONCLUSIONS 
The original goal of finding inclusions in current-carrying AI wires by using a 
SQUID magnetometer clearly is compromised by the appearance of much larger signals 
which seem most likely caused by minute deviations from linearity in these wires. Based on 
the amplitude of the magnetic signals, it is estimated that the deviations are in the range of 
200 nm to 2 ~m, much too small to be observable visually. This conclusion is reached on the 
basis of a number of factors. Surface quality and purity have been ruled out as factors, since 
inclusion, it was decided to drill holes of various sizes in some wires as a means of 
simulating inclusions. Holes of8 to 12 mils (0.2 to 0.3 mm) were drilled into a taut 20-mil 
Cu wire. Measurements carried out using the setup of Figure 1 failed to yield any conclusive 
evidence of the presence of these holes. This confinned the belief that the standoff of 1 cm 
or greater (in the apparatus of Figure 1) prevented the detection of defect structures of 0.3 
mm or less. Rather than wait for the construction of a special dewar which would have 
lowered the standoff to between 1 and 2 mm, selected wires were taken to the University of 
California at Berkeley (UCB) for measurement in a scanning SQUID microscope. While the 
instrument at UCB offers a I-mm standoff, it is limited to a scanning area of3x3 cm2 While 
not currently configured to accept long lengths of wire being spooled over the inverted 
SQUID system, it was more than adequate to resolve a magnetic anomaly due to the 
injected current intersecting the holes in the Cu wires. The results of one such measurement 
are shown in Figure 6, in which the presence ofa 0.3-mm (partial) hole in a O.S-mm 
diameter wire is apparent. 
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Figure 7. Typical scans obtained on Cu-NbTi composite wires. (a) The scan at left is on a 
section of "Furukawa" wire, while (b) the right scan is on "Scotland" wire. 
Composite Superconducting Wires: NbTi in a Cu Matrix 
NbTi superconducting wires are the most utilized of all superconductors in magnets 
which are incorporated into MRI and NMR systems, particle accelerators and various 
research laboratory applications. These wires consist of over 3,000 NbTi filaments 
(typically), each embedded in a thin Cu layer, and the entire bundle is, in turn, embedded 
into a Cu matrix. To minimize flux jumps (that can reduce the maximum possible 
superconducting current and related magnetic field) within the superconducting filaments, 
this composite wire is twisted and then annealed. The ultimate supercurrent that can be 
carried by the manufactured NbTilCu wire very much depends on the uniformity of each 
filament cross section. Ifa significant number of filaments have regions of reduced cross 
section (so-called "sausaging") or discontinuities, then the maximum possible supercurrent 
will be degraded. 
The important point, though, is that a simple and fast scan of two wires under a 
SQUID revealed dramatic differences between the good and bad wires. Superconducting 
wire is expensive to produce and its quality is crucial. It is believed that the technique 
reported here would be very useful to superconducting wire manufacturers, as it is entirely 
feasible to use an ordinary HTS SQUID magnetometer to monitor at room temperature the 
on-line production of composite superconductive wire. 
ACKNOWLEDGMENTS 
Support for one author (HW) has been provided by the Robert A. Welch Foundation 
and by the Air Force Office of Scientific Research. Additional support has been provided by 
the Robert A. Welch Foundation, Texas Center for Superconductivity at the University of 
Houston, and the Department of Energy. 
The authors wish to thank Professors Paul Chu and Kamel Salama for valuable 
advice, and Professor John Miller for making available the facilities of his laboratory. They 
also wish to thank Chris Kinalidis for valuable advice and experimental help. 
2271 
o 
REFERENCES 
1. Private communication, American Fine Wire Company, Selma, AL, USA 
2. W. G. Jenks, S. S. H. Sadeghi, and 1. P. Wikswo, Jr., 1. ofPhys. D: Appl. Phys. 30, 293 
(1997). 
3. T. S. Lee, E. Dantsker, and John Clarke, Rev. Sci. Instr. 67, 4208 (1996). 
2272 
